Thin Ni film on graphene current spreading layer for GaN-based blue and ultra-violet light-emitting diodes We introduced a thin nickel (Ni) film onto graphene as a current spreading layer for GaN-based blue and ultraviolet (UV) light emitting diodes (LEDs). The thin Ni film was confirmed to improve the electrical properties of the graphene by reducing the sheet and contact resistances. The advantages of Ni on graphene were more remarkable in UV LEDs, in which the operation voltage was reduced from 13.2 V for graphene alone to 7.1 V. As a result, UV LEDs with Ni on graphene showed a uniform and reliable light emission, at $83% of electroluminescence of indium tin oxide. Graphene is commonly considered a promising transparent conductive material for use in organic and inorganic optoelectronic devices, such as light emitting diodes (LEDs) and solar cells. [1] [2] [3] [4] [5] In particular, considerable efforts have been made to use graphene as a transparent electrode in place of indium tin oxide (ITO) for GaN-based LEDs due to advantages including ultra-high transparency from ultraviolet (UV) to infrared (IR) wavelengths, high conductivity, low cost, and ease of large-scale production. [6] [7] [8] [9] However, GaN-based LEDs with a transparent graphene layer have a large turn-on voltage with inefficient current spreading, which results in light emission occurring only near p-metal regions, due to the high sheet and contact resistances on p-GaN. 6, 10 As a result, a graphene transparent layer alone could not exceed the performance of ITO in GaN-based LEDs. To overcome these problems, Chandramohan et al.
11 fabricated GaN-based blue LEDs using doped graphene with aqueous gold chloride (AuCl 3 ) and inserted a thin Au layer between the graphene and p-GaN layers in an attempt to reduce the Schottky barrier height at the interface. Although they used an expensive noble metal (Au), however, the output power of blue LEDs with tuned graphene was only half of that of LEDs with ITO. When a graphene transparent layer is used for GaN-based UV LEDs, problems such as large turn-on voltage and inefficient current injection become more serious than for blue LEDs since UV LEDs typically contain more resistive p-GaN or p-AlGaN layers. 12, 13 The use of thin p-GaN cap or p-AlGaN as the top layer of UV LEDs, which have a high lateral sheet resistance and low mobility, gives rise to problems such as high ohmic contact resistance, low hole carrier injection, severe current crowding under a p-metal electrode, and heat generation. As reported by Kim et al., 12 due to the extremely large turn-on voltage, the joule heat generated from UV LEDs has led to graphene degradation and unreliable LED operation.
Herein, we introduce a thin nickel (Ni) film on a graphene layer by a thermal annealing process, which becomes the current spreading layer in GaN-based LEDs. Ni is known to be more thermally stable, easily forms a lower ohmic contact on p-GaN, and is cheaper than Au.
14 Here, we fabricate blue LEDs having Ni films on the graphene layer and then compare their performance to both graphene only and ITO transparent layers. Furthermore, we maximize the advantage of Ni on the graphene layer by applying it to UV LED structures having highly resistive p-GaN and p-AlGaN top layers.
Blue and UV LED structures were grown on a 2 lm Si-doped n-type GaN/2 lm undoped GaN/Al 2 O 3 template using metal-organic chemical vapor deposition (MOCVD). The blue LED structure consisted of a seven-period In 0.15 Ga 0.85 N/GaN (3 nm/8 nm) MQW layer and a 100 nm Mg-doped p-type GaN layer. The UV LED structure consisted of a five-period In 0.04 Ga 0.96 N/Al 0.08 Ga 0.92 N (2 nm/ 12 nm) MQW layer, a 25 nm p-type Al 0.25 Ga 0.75 N layer for electron blocking, and a 100 nm Mg-doped p-type GaN layer. The target wavelengths of light emission for the blue and UV LEDs were 460 nm and 380 nm, respectively. We fabricated three types of blue and UV LEDs, each having different current spreading layers: graphene only (GR), a thin Ni layer covering the entire graphene surface (Ni on GR), and ITO. Blue and UV LEDs having an ITO transparent layer were fabricated using conventional LEDfabrication steps. Graphene was grown by chemical vapor deposition (CVD) on a copper (Cu) foil supplied by GRAPHENE SQUARE. For the graphene-based samples, graphene grown on a Cu foil was coated with poly methyl methacrylate (PMMA) and cured at 180 C. The Cu foil was etched in a (NH 4 ) 2 S 2 O 8 solution for 12 h, and the graphene with PMMA was transferred onto the top layer of the blue and UV LEDs; PMMA was then removed using warm acetone. As shown in Fig. 1 , we deposited 100 nm of Ni onto the prepared graphene/LED structures as a mesa etching mask. By introducing a metal mask, graphene loss was innovatively reduced during the fabrication process, compared to a conventional photoresist (PR) mask. 15 The graphene and GaN layers were etched using reactive ion etching (RIE) and inductive coupled plasma etching (ICP) until the n-GaN was a)
Author to whom correspondence should be addressed. (2013) revealed. Then, the Ni mask was etched in HCl. For the Ni on GR sample, we deposited 3 nm of Ni onto the graphene. Then, both the GR and Ni on the GR sample were annealed in a rapid thermal annealing (RTA) machine under a N 2 ambient at 500 C. Finally, Cr/Au (30 nm/300 nm) was deposited on all samples as p-and n-type electrodes.
We subsequently investigated the optical, morphological, and electrical properties of the GR, Ni on GR, and ITO transparent layers. In Fig. 2(a) , GR has over 90% transmittance for the measured wavelength region; Ni on GR has approximately 75% transmittance from 365 nm to 700 nm due to the presence of the 3 nm Ni film; and ITO shows a significant absorption near 380 nm and transmittance fluctuation due to the effects of interference. As a result, the transmittances of Ni on GR and ITO were 74% and 70% at 380 nm and 75% and 86% at 460 nm, respectively. Figure 2 (b) presents the sheet resistance of each transparent layer; resistances of 1250 (650) X/ w , 690 (650) X/ w , and 43 (65) X/ w were obtained for GR, Ni on GR, and ITO, respectively, using a Hall measurement system. Although the thin Ni (3 nm) reduced the transmittance in the Ni on GR, the conductivity was nearly twice that of the GR. Figure 2(c) shows the optical microscope images of the fabricated device having GR (top figures), Ni on GR (bottom figures), and their top surface images measured using scanning electron microscopy (SEM). In the top SEM figure in Fig. 2(c) , randomly formed Ni residue that was not completely removed during the Ni mask wet-etching process was observed on the GR surface. The Ni residue was in the shape of separated nano-islands that covered a very small fraction of the surface and did not seem to affect the optical transmittance or sheet resistance of the graphene. However, as shown in the bottom SEM image, the 3 nm deposition of a Ni film on the graphene formed a meshlike structure, which enabled a higher conductivity than the GR sample. In Fig. 2(d) , a Raman spectrum was used to investigate positions "A," "B," and "C" to verify whether or not graphene remained after fabrication was completed. Two main peaks of graphene corresponding to the G peak ($1596 cm
À1
) and the 2D peak ($2705 cm
) were observed at points "A" and "C," which are in the GR layer and Ni on GR spreading layer regions, respectively; however, no G and 2D peaks were found at point "B," which is the n-type GaN region. Here, the broadening of the G and 2D peaks of the GR and Ni on GR regions than immediately transferred graphene on GaN was due to the interaction of graphene with the Ni nano-island residue and thin Ni film. 16, 17 Note that a increased D peak ($1360 cm À1 ) was seen in both the GR and Ni on GR regions due to defects caused by Ni atoms that were incorporated into the graphene. Figure 3 shows the I-V characteristics and electroluminescence (EL) intensity of the fabricated blue LEDs under different current spreading layers, including GR, Ni on GR, and ITO. In Fig. 3(a) , the forward voltages at a 20 mA current injection were measured to be 3.5 V, 4.8 V, and 6.2 V for blue LEDs with ITO, Ni on GR, and GR transparent . "A" and "C" are on graphene and "B" is n-GaN region without graphene. (d) Raman spectra of points "A," "B," and "C" specified in (c). The graphene as transferred on GaN layer is referred to as transfer on GaN.
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Shim et al. Appl. Phys. Lett. 102, 151115 (2013) layers, respectively. The comparatively higher operation voltage and series resistance of GR than for the ITO sample were due to the higher sheet and contact resistances of the graphene on p-GaN than for ITO. 6, 15 However, the deposition of a thin Ni film on graphene reduced the sheet resistance of graphene by almost half. Diffusion of Ni atoms, which have a larger workfunction ($5.1 eV) than graphene ($4.21 eV), to graphene/p-GaN during the annealing process further reduced the contact resistance by lowering the Schottky barrier height. 10, 11, 18 As a result, by reducing the operation voltage and series resistance, the Ni on GR sample led to a better electrical performance than the GR sample. Among the three samples, the ITO sample displayed twice as strong EL intensity than either the GR or Ni on GR samples. This result is comparable to the performance of blue LEDs having graphene electrodes reported by another group. 11 Note, however, that although graphene showed over 92% transmittance at 460 nm, it still did not exceed the electrical properties of ITO, such as the sheet and series resistances. In addition, the Ni on GR sample had a nearly identical EL intensity as the GR sample since the electrical properties of the graphene were enhanced by combining it with a thin Ni layer, which compensated for the optical transmission loss.
Characteristics of both the epitaxial layer and graphene should be considered when graphene is to be used as the current spreading layer for LEDs. Epitaxial structures containing a highly resistive p-GaN or p-AlGaN layer further increase the series resistance. And, the resistance of the neutral region, such as AlGaN-based MQWs, could also affect the carrier transport. [19] [20] [21] As a result, having an electrically stable graphene current spreading layer is critical for UV LEDs, which have difficulties in carrier transport, reducing series resistance, and lowering the turn-on voltage (operation power). In Fig. 3(c) , the I-V characteristics of UV LEDs with various current spreading layers are seen to follow a similar trend as the blue LEDs. The turn-on voltages and series resistance of UV LEDs increased in the order of ITO, Ni on GR, and GR samples. However, the operation voltages of UV LEDs having the same current spreading layer were generally larger than those of the blue LEDs due to carrier transport problems resulting from the highly resistive p-GaN/p-Al 0.25 Ga 0.75 N layer. Of particular note, the operation voltage of the UV LEDs with GR at 20 mA current injections was 13.2 V, whereas the Ni on GR reduced the operation voltage to 7.1 V. By applying a thin Ni film onto the graphene, the turn-on voltage and series resistance were rapidly reduced compared to GR-even in UV LEDs-than for blue LEDs. This film application significantly improved the electrical properties, compared to results previously reported by Kim et al. 12, 13 ($9 V turn-on voltage at only 3 mA current injection). As shown in Fig. 3(d) , the EL intensities of 380 nm emissions in UV LEDs were similar for all samples under a 5 mA low current injection, due to the higher transmittances of GR and Ni on GR than ITO near the UV region. In spite of the high transmittance (91%) of GR at 380 nm, its EL intensity was almost the same due to it having the worst electrical characteristics among the three samples. Note, however, that the EL intensity was not measured for the GR sample at a 20 mA current injection since it died after 30 s of operation, due to graphene burning resulting from the high power consumption of the GR sample. At a 20 mA injection, an extreme amount of power accumulates under the p-metal pads in the GR sample due to the large forward voltages, and the graphene is burned by joule heat. However, the Ni on GR displayed stable light emission at a 20 mA current injection for over 30 s of operation, even in UV LEDs, and showed 83% of the EL intensity of the ITO sample.
The main point of using Ni on GR can be better observed in Fig. 4 , which compares the light emission images of the blue and UV LEDs under three different spreading layers. A bright and uniform light was emitted from the entire area of the top surface for all blue LEDs. While the light emission was uniform in the blue LEDs for all three transparent layers, as shown in the left column of Fig. 4 , uniform light emission was only observed in UV LEDs for Ni on GR and ITO. In particular, the UV LED with GR had light emitting only near the p-metal region due to incomplete current spreading. The more resistive p-GaN/ p-Al 0.25 Ga 0.75 N layers of UV LEDs compared to the p-GaN layers of blue LEDs had an additional adverse influence on the current spreading of UV-LEDs with graphene alone. 21, 22 However, the application of a thin Ni film on graphene, which reduced sheet resistance and contact resistance, significantly alleviated the total resistance on the p-GaN/ p-Al 0.25 Ga 0.75 N layers-even in UV LEDs-and allowed for uniform current spreading. These results indicate that a reliable and uniform light emission could be confirmed in GaNbased LEDs having a thin Ni film on the graphene current spreading layer. Furthermore, if the transmittance of Ni on GR in the UV region is further improved by optimizing the Ni thickness or by patterning the Ni film using a nano-or micro-mesh structure, the Ni on GR could be a more useful current spreading layer for highly resistive p-GaN-or p-AlGaN-containing UV LEDs.
In conclusion, we fabricated blue and UV LEDs having current spreading layers including GR, Ni on GR, and ITO. We demonstrated that not only the transmittance but also the electrical properties of the graphene are important for LED devices. Here, the Ni on GR layer reduced the sheet resistance and diffusion of Ni atoms to graphene/p-GaN, which subsequently reduced the contact resistance such that the I-V characteristics of blue and UV LEDs were much improved compared to those having only a GR current spreading layer. Furthermore, advantages of a thin Ni film on graphene in UV-LED applications included a higher transparency than ITO in the near UV region, significantly reduced operation voltage, and uniform light emission, obtained by alleviating the high resistance incurred due to the very resistive p-GaN/p-AlGaN layer of UV-LEDs. As a result, UV-LEDs having a Ni on GR layer were confirmed to operate well for a long operation time and showed $83% of the ITO EL intensity. FIG. 4 . Optical images of light emission of blue and UV LEDs under different current spreading layers (GR, Ni on GR, and ITO) at 10 mA and 20 mA current injections.
